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While the origin and composition of dark matter and dark energy remains unknown, it is possible
that they might represent two manifestations of a single entity, as occurring in unified dark sector
models. On the other hand, advances in our understanding of the dark sector of the Universe might
arise from Cosmic Dawn, the epoch when the first stars formed. In particular, the first detection of
the global 21-cm absorption signal at Cosmic Dawn from the EDGES experiment opens up a new
arena wherein to test models of dark matter and dark energy. Here, we consider generalized and
modified Chaplygin gas models as candidate unified dark sector models. We first constrain these
models against Cosmic Microwave Background data from the Planck satellite, before exploring how
the inclusion of the global 21-cm signal measured by EDGES can improve limits on the model
parameters, finding that the uncertainties on the parameters of the Chaplygin gas models can be
reduced by a factor between 1.5 and 10. We also find that within the generalized Chaplygin gas
model, the tension between the CMB and local determinations of the Hubble constant H0 is reduced
from ≈ 4σ to ≈ 1.3σ. In conclusion, we find that the global 21-cm signal at Cosmic Dawn can provide
an extraordinary window onto the physics of unified dark sectors.
I. INTRODUCTION
A combination of cosmological observations have de-
picted a rather odd picture of our Universe, whose energy
content resides mostly in two dark components: a cold
clustering dust-like component responsible for the for-
mation of structure, usually referred to as dark matter
(DM), and a smooth component whose properties very
much resemble that of vacuum energy, responsible for
the inferred late-time acceleration of the Universe and
usually referred to as dark energy (DE) [1, 2, 3, 4, 5, 6].
Unraveling the nature and origin of DM and DE is per-
haps one of the major challenges physics has ever faced.
The literature abounds with theoretical and phe-
nomenological models for the dark sector. Most DM
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models rely on the introduction of additional particles
and/or forces usually weakly coupled to the Standard
Model (see for instance [7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22]), although models exist where the
dynamics usually attributed to DM emerge from modi-
fications to Einstein’s theory of General Relativity (see
e.g. [23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]).
On the other hand, several DE models rely on the intro-
duction of a new fluid, possibly through a very light field
(see for example [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47]),
or through modifications to GR (see e.g. [48, 49, 50, 51,
52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63]). Although
within most dark sector models the two dark components
do not interact, an interesting class of cosmological mod-
els (usually referred to as coupled DE) feature interac-
tions between DM and DE (see for example [64, 65, 66,
67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81,
82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96]).
While we cannot do justice to the enormous literature
on dark sector models, it is clear from the discussion so
far that there is no shortage of proposed models for DM
and DE and observational tests thereof. For a recent
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2discussion on this point, see [97].
Despite decades of experimental efforts in detecting
DM and DE, the two dark actors of the play which is
the evolution of our Universe have so far eluded our un-
derstanding. Therefore, it is perhaps timely to consider
alternatives beyond the most studied models, and explore
whether they can be tested with current observations. In
this sense, there exists another interesting possibility as
dark sector models go: it is possible that DM and DE
might be two manifestations of the same underlying en-
tity, such as a single fluid whose behaviour first mimics
that of DM and at late times that of DE (see e.g. the
case of the Anton-Schmidt fluid recently adopted in cos-
mology [98, 99]).
It is with a particular class of such unified dark sector
models, known as Chaplygin gases, that we shall be con-
cerned in this work. Chaplygin gases are models featur-
ing an exotic equation of state (EoS) relating pressure p
and energy density ρ of a fluid. The Chaplygin gas (CG)
was first introduced in a cosmological context in [100], al-
though its origin date back to 1904 when russian scientist
Sergey Chaplygin first studied it in the context of aerody-
namics [101]. In the original CG model [100], the CG EoS
is given by p = −A/ρ, with A > 0 an arbitrary constant.
It was soon realized that the CG model is interesting from
both the theoretical and cosmological points of view. In
fact, the CG shares a close connection to string theory,
as it emerges from the Nambu-Goto action for d-branes
moving in a (d + 2)-dimensional spacetime in lightcone
parametrization [102], while it is the only known fluid
admitting a supersymmetric generalization [103].
Following the seminal work of [100], CG models were
further studied and extended. In this regard, two impor-
tant extensions known as generalized Chaplygin gas and
modified Chaplygin gas were presented in [104] and [105]
respectively. Since these two models will be central to
our work, we shall discuss them in more detail in Sec. II.
As realized in [100], the CG effectively interpolates be-
tween a dust-like (and hence DM-like) behaviour at high
redshift (ρ ∝ a−3, with a the scale factor of the Uni-
verse), and a cosmological constant-like behaviour at low
redshift (ρ ∝ const), and hence constitutes a potentially
interesting unified model for the dark sector of the Uni-
verse. These features are also shared by the generalized
and modified Chaplygin gas models. Moreover, in be-
tween the DM-like and DE-like epochs, CG models usu-
ally feature an exotic epoch of soft or stiff matter domina-
tion (i.e. with equation of state close to 1) which is other-
wise absent in ΛCDM. Over the years, several works have
examined theoretical, phenomenological, and observa-
tional aspects of CG models and their extensions. For an
incomplete list of works, see e.g. [106, 107, 108, 109, 110,
111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122,
123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134].
Observational studies have shown that Chaplygin gas
models are in agreement with data and hence can consti-
tute a viable candidate for the dark sector.
One particularly interesting cosmological probe, which
has the potential to revolutionize our understanding of
the Universe, is the 21-cm line of neutral Hydrogen, re-
lated to the hyperfine splitting of the Hydrogen atom
1s ground state and caused by the interaction between
the electron and proton magnetic moments. Within the
redshift range 15 . z . 25 known as Cosmic Dawn, dur-
ing which the first stars formed, the UV photons thereby
emitted excited this hyperfine transition, sourcing 21-cm
absorption against the Cosmic Microwave Background
(CMB) [135, 136, 137]. Detecting this global 21-cm ab-
sorption signal was the main goal of the Experiment to
Detect the Global EoR Signature (EDGES), which suc-
ceeded in 2018 [138].
The EDGES detection, albeit revealing a signal twice
as large as standard expectations, provides a unique win-
dow into the high-redshift Universe (z ≈ 17), otherwise
inaccessible to more traditional tracers of the large-scale
structure. Therefore, EDGES might be uniquely placed
to probe dark sector components which are either non-
standard or exhibit non-standard behaviour at high red-
shift, while being completely consistent with CMB and
low-redshift measurements. Chaplygin gases are partic-
ularly intriguing in this sense: their non-standard be-
haviour between the DM-like and DE-like epochs might
show up at Cosmic Dawn and consequently in the global
21-cm absorption signal. Conversely, the global 21-cm
absorption signal might provide novel and valuable con-
straints on CG models, complementary to the more tra-
ditional CMB and large-scale structure probes. Our goal
in this work is to reassess the observational status of CG
models in light of the global 21-cm absorption signal de-
tected by EDGES. Focusing on generalized and modified
Chaplygin gas models, we will use this signal to provide
new constraints on the parameters of these models.
The rest of this paper is then organized as follows. In
Sec. II, we discuss the cosmology of unified dark sec-
tor models, focusing on the generalized and modified
Chaplygin gas models. In particular, we discuss in de-
tail the background and perturbation evolution therein.
In Sec. III we describe in more detail the global 21-cm
absorption signal at Cosmic Dawn, as well as its first de-
tection by EDGES. We then proceed to discuss the data
and analysis methods we use in Sec. IV, before discussing
our results in Sec. V and finally drawing concluding re-
marks in Sec. VI.
II. COSMOLOGY OF UNIFIED DARK
SECTORS
In the following, we shall describe in more detail the
two unified dark sector models we will consider in this
work. We begin by describing in more detail the two
models and their background evolution in Sec. II A. In
particular, we discuss the generalized Chaplygin gas in
Sec. II A 1 and the modified Chaplygin gas in Sec. II A 2.
We then go on to discuss the evolution of perturbations
in Sec. II B.
3A. Background evolution
We work within the framework of a homogeneous and
isotropic Universe, whose geometry is described by a
spatially flat Friedmann−Lemaître−Robertson−Walker
(FLRW) line element, characterized by the scale factor
as a function of conformal time a(τ). We assume that the
gravitational sector, to which the matter sector is mini-
mally coupled, is described by Einstein’s General Rela-
tivity. We further assume that the energy budget of the
Universe comes in the form of four species: baryons, pho-
tons, neutrinos, and a unified dark fluid (UDF). The UDF
will behave as dark matter (DM), dark energy (DE), or a
different type of fluid as the Universe expands 1. Let us
denote the energy densities and pressures of these species
by ρi and pi respectively, where i = b, γ, u for baryons,
photons, and the UDF respectively. We assume that the
fluids do not share interactions between each other aside
from the gravitational ones. In other words, each fluid i
obeys a separate continuity equation (which follows from
the Bianchi identities) given by:
ρ˙i + 3
a˙
a
(pi + ρi) = 0 . (1)
For baryons (pb = 0) and photons (pγ = ργ/3), Eq. (1)
is trivially solved to give ρb ∝ a−3 and ργ ∝ a−4 respec-
tively. For the UDF, the solution to Eq. (1) depends on
the specific form of the equation of state, which specifies
pu as a function of ρu: pu = f(ρu).
To make progress we need to specify the functional
form of the equation of state of the UDF. As anticipated
in Sec. I, in this work we shall consider two particu-
lar UDF models which go under the names of general-
ized Chaplygin gas (GCG) and modified Chaplygin gas
(MCG), and which will be described in Sec. IIA 1 and
Sec. IIA 2 respectively.
1. Generalized Chaplygin gas
We begin by considering the generalized Chaplygin gas
(GCG) model for an unified dark fluid. The GCG model
is characterized by the following equation of state relating
its pressure pgcg and its energy density ρgcg:
pgcg = − A
(ρgcg)α
, (2)
where A and α are two real constants. The original Chap-
lygin gas model discussed in Sec. I is recovered when
α = 1. We can then solve the continuity equation Eq. (1)
1 In the following, we shall fix the total neutrino mass to Mν =
0.06 eV, the minimal value allowed within the normal ordering
as done in the Planck baseline analyses. This is justified by the
current very tight upper limits on Mν [6, 139, 140, 141, 142],
which also mildly favour the normal ordering [141, 143, 144].
to find the evolution of the GCG energy density as a func-
tion of the scale factor, given by the following:
ρgcg(a) = ρgcg,0
(
Bs + (1−Bs)a−3(1+α)
)
1
1+α , (3)
where ρgcg,0 denotes the energy density of the GCG fluid
today, and Bs = Aρ
−(1+α)
gcg,0 . The evolution of the GCG
equation of state wgcg as a function of the scale factor
can easily be found by combining Eqs. (2, 3) to give the
following:
wgcg(a) = − Bs
Bs + (1−Bs)a−3(1+α) . (4)
Eq. (3) fully specifies the background evolution in the
presence of a GCG fluid (together with the usual baryon,
photon and neutrino components).
It is easy to see, as was first shown in [104], that the
GCG fluid interpolates between a dust-dominated uni-
verse (ρgcg ∝ a−3) and a de Sitter phase (ρgcg ∝ const),
via an intermediate epoch of soft matter domination
(wherein p ≈ αρ, with this intermediate epoch being one
of stiff matter domination when α = 1 and the original
Chaplygin gas model is recovered): it is this feature of
interpolating between an effective DM component and
an effective DE one which makes the GCG an appealing
model for an unified dark sector.
2. Modified Chaplygin gas
We then consider the modified Chaplygin gas (MCG)
model for an unified dark fluid. The relation between
pressure pmcg and energy density ρmcg for the MCG
model is given by the following:
pmcg = Bρmcg − A
(ρmcg)α
, (5)
where again A, B, and α are three real constants. When
setting A = 0, the MCG behaves as a perfect fluid with
equation of state w = B, whereas setting B = 0 one re-
covers the GCG model, and further setting α = 0 the
original Chaplygin gas model. Solving the continuity
equation Eq. (1) we find that the evolution of the MCG
energy density is given by the following:
ρmcg(a) = ρmcg,0
(
Bs + (1−Bs)a−3(1+B)(1+α)
) 1
1+α
, (6)
where ρmcg,0 denotes the energy density of the MCG fluid
today, and Bs = Aρ
−(1+α)
gcg,0 /(1 + B). As we did for the
GCG model, we can combine Eqs. (5,6) to find the evo-
lution of the MCG equation of state wmcg as a function
of the scale factor, which is given by the following:
wmcg(a) = B − Bs(1 +B)
Bs + (1−Bs)a−3(1+B)(1+α) . (7)
Eq. (6) fully specifies the background evolution in the
presence of a MCG fluid (together with the usual baryon,
photon and neutrino components).
4Being a generalization of the GCG model, also the
MCG model interpolates between a dust-dominated Uni-
verse (or more generally an Universe dominated by a per-
fect fluid with chosen EoS) and a de Sitter phase, via an
intermediate epoch of soft matter domination.
B. Evolution of perturbations
Once the parameters defining the GCG and MCG
models are chosen, the background evolution is fully spec-
ified by Eqs. (3,6), or equivalently Eqs. (4,7). However,
in order to compute theoretical predictions for cosmo-
logical observables, we also need to be able to track the
evolution of perturbations.
To make progress, we work within the synchronous
gauge, wherein the perturbed FLRW line element takes
the form [145]:
ds2 = a2(τ)
[−dτ2 + (δij + hij) dxidj] , (8)
where τ denotes conformal time and hij denotes the syn-
chronous gauge metric perturbation. Within this gauge
and neglecting shear stress, consistently with the ear-
lier work of [146], we can track the evolution of the
Fourier space UDF density perturbation δu and veloc-
ity divergence θu. In the usual notation of Ma &
Bertschinger [145], the evolution equations for δu and
θu are given by:
δ˙u = −(1 + wu)
(
θu +
h˙
2
)
− 3H (c2s − wu) δu, (9)
θ˙u = −H
(
1− 3c2s
)
θu +
c2s
1 + wu
k2δu , (10)
where the overdot denotes differentiation with respect to
conformal time, the conformal Hubble rate is given by
H = a˙/a, h ≡ hjj is the trace of the metric perturbation
hij , wu denotes the effective EoS of the unified dark fluid
[given by Eq. (4) or Eq. (7) depending on whether one
is considering the GCG or MCG model], and c2s is the
squared sound speed of the unified dark fluid. For sim-
plicity, and consistently with earlier works [125, 126], in
writing Eqs. (9,10) we have neglected shear stress.
Following [125, 126], we consider pure adiabatic contri-
butions to the perturbations. Under these assumptions,
the squared sound speed for the GCG fluid is given by:
c2s = δpu/δρu = −αwgcg . (11)
Similarly, the squared sound speed for the MCG fluid is
given by:
c2s = δpu/δρu = −αwmcg + (1 + α)B . (12)
In order for perturbations in the UDF to be stable, one
must ensure that c2s ≥ 0. In the case of the GCG, we
follow [125] and require α ≥ 0 and 0 ≤ Bs ≤ 1. In such
a way, c2s as in Eq. (11) is strictly positive and pertur-
bations in the GCG are stable. For the MCG case, we
follow [126] and ensure that c2s ≥ 0 in our Markov Chain
Monte Carlo analysis (to be discussed in more detail in
Sec. IV) by rejecting points with c2s < 0, where c2s is given
by Eq. (12). Effectively, this corresponds to imposing the
additional constraint B ≥ −αBs/(1 + αBs) at the level
of prior. In such a way, perturbations in the MCG are
stable.
III. EDGES AND THE GLOBAL 21-CM
ABSORPTION SIGNAL AT COSMIC DAWN
We now briefly review the physics underlying the
global 21-cm signal at Cosmic Dawn, before discussing
the detection of such signal by the EDGES experiment.
We begin by discussing the theory behind the signal
in Sec. III A, before discussing the EDGES detection in
Sec. III B.
A. Theory
The 21-cm signal is a unique probe of the evolution of
neutral Hydrogen, which in turn is an extremely useful
tracer of the properties of the gas across cosmic time. In
particular, it is an extraordinary probe of the so-called
Cosmic Dawn, the period when the very first sources of
light formed and ended the Dark Ages (the era which
began with the formation of the CMB). We encourage
the interested reader to consult more detailed reviews on
the subject such as [147, 148, 149].
The 21-cm line responsible for this signal is produced
by the hyperfine splitting of the 1s ground state of the
Hydrogen atom, caused by the interaction between the
electron and proton magnetic moments. These interac-
tions lead to a hyperfine splitting between the so-called
singlet and triplet states, whose energy levels are sepa-
rated by ∆E = 5.9 × 10−6 eV (which corresponds to a
rest wavelength of ≈ 21 cm).
The relative abundance of singlet and triplet states is
captured by the so-called spin temperature Ts. While Ts
is not, strictly speaking, a true thermodynamic temper-
ature, it nonetheless provides very useful insight into the
21-cm signal. Working within the Rayleigh-Jeans limit
(relevant for the frequencies in question, which are far
from the peak frequency of the CMB), the strength of the
21-cm signal is typically quantified through a so-called
differential brightness temperature (relative to the CMB)
T21, whose evolution with redshift z is given by [150]:
T21(z) ≈
(
2c3~A10nHI
16kBν20
)
1
H(z)
(
1− Tγ(z)/Ts(z)
1 + z
)
,(13)
with Tγ(z) the temperature of CMB photons as a func-
tion of redshift, c the speed of light, ~ the reduced Planck
constant, kB Boltzman’s constant, A10 = 2.85×10−15 s−1
the emission coefficient for the hyperfine triplet-single
transition whose rest-frame transition frequency is ν0 =
51420.4 MHz, nHI the number density of neutral Hydro-
gen (well approximated by nHI ' 1 − xe, where xe is
the ionization fraction). If at a certain redshift Ts < Tγ ,
then T21 < 0 and the 21-cm signal is seen in absorption.
Conversely, at redshifts for which Ts > Tγ , T21 > 0 and
the 21-cm signal will be seen in emission.
The evolution of the 21-cm signal with cosmic time is
governed by the interplay between three temperatures:
aside from the already introduced Ts and Tγ , the third
relevant temperature is the gas kinetic temperature Tk.
At early times (z & 200), although the fraction of free
electrons is very low, it is still high enough to thermally
couple the gas to the CMB photons, whereas the high gas
density makes collisional coupling very effective. These
two factors combine to ensure that Ts = Tk = Tγ , leading
to no detectable 21-cm signal. However, at z ≈ 200 the
gas decouples from the CMB and starts cooling adiabat-
ically. For a while collisional coupling remains effective,
so that Ts ≈ Tk < Tγ , leading to T21 < 0 and hence a
very early 21-cm absorption signal. However, at z ≈ 40
the gas density has become too low for collisional cou-
pling to be effective, and radiation coupling couples the
spin temperature to the CMB, so that Tk < Ts ≈ Tγ .
In this regime, T21 ≈ 0 and there is no detectable 21-cm
signal.
The 21-cm signal remains undetectable until Cosmic
Dawn, when the first sources of light switch on, be-
ginning reionization and emitting Lyman-α (Lyα) pho-
tons. Through the Wouthuysen-Field effect [135, 136],
consisting in resonant scattering of Lyα photons which
can produce a spin-flip, the spin temperature decouples
from the CMB and (re)couples to the gas temperature
(which is still much lower than the CMB temperature),
so Ts ≈ Tk  Tγ . In this regime, T21 < 0 once more
and the 21-cm signal (re)appears in absorption. At star
formation continues, at a certain point Lyα coupling sat-
urates, while at the same time the gas is significantly
heated by the UV radiation produced by the stars. At
a certain point, the gas temperature (to which the spin
temperature is still coupled) will surpass the temperature
of the CMB photons, i.e. Ts ≈ Tk  Tγ . In this regime,
T21 > 0 and the 21-cm signal is seen for the first time
in emission. The signal then reaches a maximum before
slowly dying out as reionization ends, by which time any
residual 21-cm signal arises only from so-called damped
Lyα systems.
So far we discussed the evolution of the 21-cm signal
qualitatively. To track the evolution of T21 quantitatively
from Eq. (13), we need to track the evolution of the spin
temperature Ts (which we described qualitatively above)
as a function of cosmic time. As shown in [150], Ts is
given by:
Ts =
Tγ + (yc + yLyα)Tk
1 + yc + yLyα
. (14)
In Eq. (14) yc and yLyα are the coupling coefficients for
the collisional hyperfine transition (which couples Ts to
Tk) and for the hyperfine transition mediated by absorp-
tion and re-emission of a Lyα photon, and are given by:
yc =
C10
A10
T∗
Tk
, yLyα =
P10
A10
T∗
TLyα
, (15)
where C10 is the collisional de-excitation rate for the
triplet hyperfine level, T∗ = 0.068 K is the energy of
21-cm photons, P10 ≈ 1.3 × 10−12J−21 s−1 is the in-
direct de-excitation rate of the triplet level due to ab-
sorption of Lyα photons followed by decay to the singlet
level, and J−21 denotes the Lyα background in units of
10−21 erg s−1 cm−2 Hz−1 sr−1, which is determined from
the global star formation history before the end of reion-
ization. Notice also that in writing Eq. (14) we have as-
sumed that TLyα = Tk, with TLyα the color temperature
of the radiation field, an assumption which is well justi-
fied if the medium is optically thick to Lyα photons [150].
Finally, the evolution of the gas kinetic temperature Tk
is given by:
dTk(z)
dz
=
Tk − Tγ
H(z)(1 + z)tc
+
2Tk
1 + z
, (16)
where tc is the Compton heating timescale:
tc =
3mec
8σTaRT 4γ
[
1 + fHe + xe
xe
]
, (17)
with me the electron mass, σT the Thomson scattering
cross-section, aR the radiation constant, fHe the frac-
tional abundance of helium, and xe the ionization frac-
tion. We track the evolution of the ionization fraction xe
using the RECFAST code [151].
B. The EDGES detection
Significant experimental effort has been devoted to de-
tecting the global 21-cm signal. In particular, the Ex-
periment to Detect the Global EoR Signature (EDGES)
was constructed with the aim of detecting the (sec-
ond) absorption signal arising at Cosmic Dawn from the
(re)coupling of the spin and gas temperatures through
the Wouthuysen-Field effect. The EDGES detector uses
two low-band instruments, each consisting of a dipole
antenna coupled to a radio receiver, and operating at
50 − 100 MHz. In February 2018 the EDGES collab-
oration reported the detection of a flattened absorp-
tion profile in the sky-averaged radio spectrum, cen-
tered at 78 MHz and with full-width half-maximum of
19 MHz [138].
The signal detected by EDGES is centered at an equiv-
alent redshift of z ≈ 17 and spans the range 15 . z . 20.
This is consistent with expectations concerning the be-
ginning of Cosmic Dawn. However, the best-fit amplitude
of the signal is more than a factor of 2 greater than the
largest predictions [152]. In fact, the signal measured by
EDGES translates to the following 99% confidence level
(C.L.) interval for the brightness temperature at redshift
z ≈ 17.2:
T21(z ≈ 17.2) ' −0.5+0.2−0.5 K , (18)
6whereas standard expectations set T21 ≈ −0.2 K at the
given redshift. This suggests that the ratio Tγ/Ts in
Eq. (13) should be larger than 15, whereas the standard
scenario sets this value to 7, indicating that either the gas
should be much colder than expected (perhaps due to ex-
tra sources of non-adiabatic cooling) or the temperature
of CMB photons should be much larger than expected
(possibly due to extra sources of radiation which were
not accounted for). Another possibility which is evident
from Eq. (13) is that the Hubble rate at Cosmic Dawn
might be lower than expected.
While concerns about the modelling of EDGES data
were raised in [153], the exciting but somewhat anoma-
lous EDGES result has spurred significant attention in
the community, with early work suggesting that scatter-
ing between dark matter (DM) and baryons could cool
the gas to the extent required to explain the EDGES de-
tection [154, 155, 156]. Subsequently, a number of other
works have been devoted to proposing alternative expla-
nations for the anomalous EDGES detection, or utilizing
such a signal to place constraints on fundamental physics
assuming the signal itself is genuine (see e.g. [157, 158,
159, 160, 161, 162, 163, 164, 165, 166, 167, 168, 169,
170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181]
for a very limited list of works in these directions). We
shall also follow this approach here: restricting our at-
tention to the unified dark sector models we discussed in
Sec. II, we will study how including the EDGES global
21-cm signal improves constraints on the parameters of
such models.
How do the two Chaplygin gas models (GCG and
MCG) affect the global 21-cm signal at Cosmic Dawn?
We make the simplifying but well-motivated assumption
that these models do not alter the microphysics of the
21-cm signal: in other words, the spin structure of the
Hydrogen atom (and in particular the hyperfine splitting
levels) is unaltered when considering a dark sector de-
scribed by the GCG and MCG models. 2 We also make
the additional assumption that the halo mass function,
and correspondingly fraction of mass collapsed in haloes
which are able to host star-forming galaxies (which in
turn is connected to the strength of the 21-cm absorp-
tion signal, due to emission of Lyα photons from the
first stars, which couple to the hyperfine 21-cm transi-
tion through the Wouthuysen-Field coupling), is unal-
tered with respect to the standard ΛCDM case. This
assumption is perhaps a little less motivated than the
former: if Chaplygin gases are the underlying model for
2 This assumption might be broken if we consider models where
the unified dark fluid couples non-gravitationally to baryons, and
hence might alter the spin structure of the Hydrogen atom. In
this work, we adopt an effective approach where the physics of
the dark fluid is fully specified by their equations of state, Eq. (2)
and Eq. (5). In the absence of an UV-complete description of the
dark fluid (which might involve a string completion) it is then
perfectly reasonable to assume that the unified dark fluid does
not alter 21-cm microphysics.
the dark sector, it is possible if not plausible that the
process of structure formation and halo collapse might
be modified compared to the ΛCDM case. Ultimately,
this is an issue which has to be settled by accurate N-
body simulations of the process of structure formation in
a Chaplygin gas Universe. To the best of our knowledge,
this has not been done so far. Therefore, in the following
we make the simplyfying assumption that that the halo
mass function is unaltered compared to the ΛCDM case,
and defer a more detailed study of this issue to future
work.
With the two assumptions we just discussed above,
the Chaplygin gas models only affect the 21-cm signal
through changes to the background expansion, and in
particular to the Hubble rate H(z). Changing H(z) at
cosmic dawn alters both Ts and Tk, and correspondingly
T21, as is clear from Eqs. (13,14,16). As we argued previ-
ously, the peculiarity of Chaplygin gas models (aside from
their providing an unified description of DM and DE) is
the fact that they feature a period of exotic matter dom-
ination between the DM- and DE-dominated epochs. In
the original Chaplygin gas model [100], this is a period
of stiff matter domination (i.e. with equation of state
w = 1), whereas it can be a soft matter domination pe-
riod (i.e. with equation of state w < 1) in the GCG and
MCG models. At any rate, during such an exotic period
the energy density of the dark fluid dilutes more quickly
than dust. For instance, during a stiff matter domination
epoch ρ ∝ a−6, and more generally ρ ∝ a−3(1+w) during
an epoch of soft matter domination (whereas ρ ∝ a−3 for
dust): when w > 0, the energy density of the Chaplygin
gas dilutes more quickly than that of dust and hence the
Hubble rate is correspondingly lower. This is of course in-
teresting since lowering the Hubble rate at Cosmic Dawn
is one possible way of explaining the anomalously large
value of the brightness temperature detected by EDGES,
as is clear from Eq. (13).
IV. DATASETS AND ANALYSIS
METHODOLOGY
In the following, we discuss in more detail the cosmo-
logical datasets we employ in our analysis, as well as the
methodology used.
We use measurements of the temperature and po-
larization anisotropies in the Cosmic Microwave Back-
ground (CMB), as well as their cross-correlations, from
the Planck 2015 data release [182]. We refer to this
dataset as “CMB”. We then consider the measurement
of the 21-cm brightness temperature at an effective red-
shift of 17.2 by the EDGES collaboration, reported in
Eq. (18) and extracted from the measured global 21-cm
absorption signal. We refer to this dataset as “EDGES”,
and we analyze it in combination with the CMB dataset.
Let us now discuss the parameters of the models we
consider. The parameters not related to the dark sector
are the baryon physical energy density Ωbh2, the angu-
7lar size of the sound horizon at decoupling θs, the opti-
cal depth to reionization τ , and the amplitude and tilt
of the primordial scalar power spectrum ln(1010As) and
ns. With regards to the parameters characterizing the
dark sector, we consider two additional parameters when
studying the generalized Chaplygin gas model, and three
additional parameter when studying the modified Chap-
lygin gas model. Within the GCG case, the two extra
parameters characterizing the background evolution of
the dark fluid are Bs and α [see Eqs. (2,3)], whereas for
the MCG case the three extra parameters are Bs, α and
B [see Eqs. (5,6)]. Notice that we do not consider the
Chaplygin gas parameter A as being a free parameter.
The reason is that A is fixed by the closure condition, in
other words the requirement that the Universe be flat
(and hence
∑
i Ωi = 1). In summary, the parameter
space of the GCG model is 7-dimensional, whereas that
of the MCG model is 8-dimensional.
We impose flat priors on all cosmological parameters,
with prior ranges listed in Tab. I. In particular, the prior
ranges on the parameters characterizing the dark sector
are chosen in such a way as to avoid perturbative insta-
bilities, following our discussion in Sec. II B and earlier
works [125, 126]. To analyze the CMB measurements we
make use of the public Planck likelihood code [182]. With
regards to the EDGES measurements, we model the like-
lihood as being a Gaussian in the brightness temperature
T21 with mean T and width σ:
LEDGES ∝ exp
[
− (T21(θ)− T )
2
2σ2
]
. (19)
where we take T ≈ −0.5 K and σ ≈ 0.35 K, with σ ob-
tained by averaging the upper and lower error bars in
Eq. (18). In Eq. (19), θ collectively denotes our set of
cosmological parameters (including those characterizing
the CG models), whereas by T21(θ) we indicate the the-
oretical prediction for the brightness temperature as a
function of cosmological parameters, computed following
the methodology presented in Sec. III A, and in particu-
lar using Eqs. (13-17).
From the above discussion and in particular the dis-
cussion towards the end Sec. III B, it follows that as
far as the models we are considering are concerned, the
EDGES detection effectively provides a measurement of
the expansion rate at z ≈ 17.2. In this sense, we can ef-
fectively view the EDGES detection as providing a new
high-redshift point on the Hubble diagram (or, in some
way, a new cosmic chronometer point), albeit in tension
with the low-redshift part of the diagram, at least within
the framework of ΛCDM. We expect this high-redshift
point to be particularly useful in constraining Chaplygin
gas models due to their non-standard soft/stiff matter
behaviour in between their DM- and DE-like regimes:
this non-standard regime might alter the expansion rate
around Cosmic Dawn, and consequently could be con-
strained by the EDGES detection (under the assumption
that the detection is genuine and not plagued by un-
known systematics).
Parameter GCG prior MCG prior
Ωbh
2 [0.005 , 0.1] [0.005 , 0.1]
θs [0.5 , 10] [0.5 , 10]
τ [0.01 , 0.8] [0.01 , 0.8]
ln(1010As) [2 , 4] [2 , 4]
ns [0.8 , 1.2] [0.8 , 1.2]
Bs [0 , 1] [0 , 1]
α [0 , 1] [−1 , 1]
B - [−1 , 1]
TABLE I. Flat priors on the cosmological parameters used in
this paper.
To sample the posterior distribution of the parame-
ter space we make use of Markov Chain Monte Carlo
(MCMC) methods, using the publicly available cosmo-
logical MCMC sampler CosmoMC [183]. We examine the
convergence of the generated chains using the Gelman-
Rubin statistic R− 1 [184].
V. RESULTS
We now discuss the observational constraints we have
obtained for the generalized and modified Chaplygin gas
models, using the data and methodology discussed in
Sec. IV.
In Tab. II and Tab. III we show the constraints on
the main parameters of interest, for both the CMB and
CMB+EDGES dataset combinations, displaying either
68% C.L. and 95% C.L. intervals or upper limits depend-
ing on the shape of the posterior of the parameter in
question. For instance, for the case of α in the GCG
model our analysis does not report a detection, but only
upper limits, i.e. the 68% C.L. and 95% C.L. intervals
encompass α = 0, the lower limit of the prior, which also
happens to be where the posterior peaks. In these ta-
bles we also report constraints on the Hubble constant
H0, although we caution the reader that this is a derived
parameter. Finally, in Fig. 1 and Fig. 2 we display trian-
gular plots exhibiting the 2D joint and 1D marginalized
posterior distributions for selected parameters of inter-
est (Bs, α, and H0 for the GCG model; Bs, α, B, and
H0 for the MCG model). We now discuss our results in
more detail, beginning with the GCG model in Sec. VA,
before moving on to the MCG model in Sec. VB.
A. Results for the generalized Chaplygin gas model
In Tab. II we show the constraints we obtain on the pa-
rameters of the generalized Chaplygin gas model employ-
ing both the CMB and CMB+EDGES datasets, whereas
in Fig. 1 we display the 2D joint and 1D marginalized
8Parameter CMB CMB+EDGES
Ωbh
2 0.0222+0.0002+0.0003−0.0002−0.0003 0.0222
+0.0002+0.0003
−0.00016−0.0003
100θs 1.026
+0.002+0.002
−0.001−0.003 1.027
+0.001+0.002
−0.001−0.002
τ 0.075+0.017+0.034−0.016−0.033 0.078
+0.017+0.033
−0.017−0.034
ns 0.965
+0.005+0.009
−0.004−0.009 0.965
+0.005+0.009
−0.005−0.009
ln(1010As) 3.09
+0.03+0.06
−0.03−0.06 3.09
+0.03+0.07
−0.03−0.07
Bs 0.81
+0.04+0.12
−0.08−0.10 0.78
+0.03+0.09
−0.06−0.07
α < 0.27 < 0.62 < 0.17 < 0.37
H0(km s
−1 Mpc−1) 71.0+1.7+5.9−3.7−4.6 69.6
+1.4+4.3
−2.7−3.4
TABLE II. 68% C.L. and 95% C.L. intervals on the parameters of the generalized Chaplygin gas model obtained by analysing
only Planck Cosmic Microwave Background data (“CMB” column) or Planck CMB data in combination with the global 21-cm
absorption signal measured by EDGES (“CMB+EDGES” column). For the parameter α we report 68% C.L. and 95% C.L.
upper limits, since the posterior distribution of this parameter is not consistent with a detection of non-zero α (i.e. the 68% C.L.
and 95% C.L. intervals for α encompass α = 0, the lower limit of the prior). Note that the Hubble constant H0 is a derived
parameter.
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FIG. 1. Triangle plot showing the 2D joint and 1D marginalized posterior distributions for Bs, α, and H0 within the GCG
model, obtained using only the CMB dataset (grey contours and curves), or the combined CMB+EDGES dataset (purple
contours and curves).
posterior distributions for selected parameters (Bs, α,
and H0), for the same dataset combinations (CMB-only
in grey, CMB+EDGES in purple).
By inspecting Tab. II and Fig. 1, we can visually see
that the determination of the GCG-specific parameters
improves substantially when adding the EDGES mea-
surement to the CMB dataset. In fact, we notice that the
uncertainties on Bs and α shrink by about a factor of 1.5
when including the EDGES measurement. In particular,
the 95% C.L. upper limit on α improves substantially
from 0.62 to 0.37, whereas the 95% C.L. uncertainty on
Bs improves from 0.12 to 0.09. From Fig. 1, we also see
that the parameters Bs, α, and H0 are quite strongly
correlated with each other. The degeneracies between
9these parameters present with CMB data alone remain
essentially unchanged both in strength and direction even
after the addition of the EDGES data, which are thus un-
able to lift these degeneracies. Finally, EDGES data do
not improve limits on parameters of parameters such as
θs, τ , ns, As, and Ωbh2, whose determination is almost
exclusively driven by CMB data as one could correctly
have expected.
The central value of Bs ≈ 0.8 is fully consistent with
expectations. In fact, from Eq. (4) we see that the EoS
of the GCG fluid today is given by wgcg = −Bs. Within
the ΛCDM model, the effective EoS today (given by the
weighted average of the EoS of each component, with
weights given by the density parameters of the compo-
nents, with the weighted average hence being dominated
by DM and DE) lies between −0.7 and −0.8, which is
consistent with the value of Bs we infer.
The constraints we derive on H0 within the GCG
model are rather interesting and deserve a further com-
ment. From the CMB-only dataset, we find H0 =
71.0+1.7−3.7 km s
−1 Mpc−1 at 68% C.L., which is signif-
icantly higher than the same value derived within
ΛCDM with the same dataset, for which H0 = 67.7 ±
0.7 km s−1 Mpc−1 [185]. While it is true that the error
bar on H0 within the GCG model is larger than the error
bar within ΛCDM, it is also rather noteworthy that the
central value of H0 is considerably shifted with respect to
the ΛCDM determination. With this in mind, we see that
the tension with the local value of H0, whose most up-
to-date estimate from the Hubble Space Telescope yields
H0 = 74.03 ± 1.42 km s−1 Mpc−1 [186], is reduced from
≈ 4σ down to barely 1.3σ. The reason is that during the
exotic soft matter domination period, the energy density
of the dark fluid dilutes faster than matter, and hence
the expansion rate slows down with respect to that of
a DM dominated Universe. In order to then keep the
distance to last scattering (and hence θs) fixed, it is nec-
essary to increase H0. On the other hand, as we saw
earlier in Sec. III B, the EDGES measurement prefer a
lower expansion rate, explaining why including EDGES
data slightly lowers H0 with respect to the CMB-only
determination.
In conclusion, we have found that the EDGES dataset
has noticeably improved limits on the parameters charac-
terizing the generalized Chaplygin gas model. In partic-
ular, the uncertainties on the parameters Bs and α have
improved with respect to the CMB-only case by a factor
of ≈ 1.5. Moreover, we have found that the generalized
Chaplygin gas model has the potential to significantly
reduce the H0 tension.
B. Results for the modified Chaplygin gas model
In Tab. III we show the constraints we obtain on the
parameters of the modified Chaplygin gas model employ-
ing both the CMB and CMB+EDGES datasets, whereas
in Fig. 2 we display the 2D joint and 1D marginalized
posterior distributions for selected parameters (Bs, α, B,
and H0), for the same dataset combinations (CMB-only
in grey, CMB+EDGES in purple). Recall that, as per
our discussion in Sec. II B, within the MCG model α is
allowed to take negative values between −1 and 0 (region
which instead is not allowed within the GCG model).
By inspecting Tab. III and Fig. 2, we reach conclusions
similar to those previously drawn for the GCG model.
However, unlike the GCG model, for the case where we
only use CMB data, we observe bimodal posterior dis-
tributions for Bs and H0, finding additionally that the
two are strongly correlated. Again, we find that EDGES
data do not improve the limits on parameters such as θs,
τ , ns, As, and Ωbh2, whose determination is almost ex-
clusively driven by CMB data. On the other hand, the
determination of Bs and α is considerably improved by
the inclusion of EDGES data, as the latter selects one
of the two peaks of the bimodal distribution of Bs, and
results in the error bars for these two parameters shrink-
ing by a factor between 6 and 10. One can also notice
that the the inclusion of EDGES data improves the de-
termination of H0 by selecting the higher H0 peak of the
posterior distribution.
However, we find that the inclusion of EDGES data
does not improve limits on B, which remains consistent
with 0 with error bars essentially unaltered. It is also
worth noting that, unlike in the GCG case, EDGES data
is able to lift degeneracies involving α, in particular cut-
ting out the region of negative α. In fact, when using
only CMB data we find a central value of α = −0.28,
whereas including EDGES data we find α = 0.02. As
in the GCG case, the values of Bs and B we find are
consistent with expectations (the EoS of the MCG fluid
today is given by wmcg = B − Bs, which is ≈ −0.5 for
the central values of B ≈ 0 and Bs ≈ 0.5 we find).
The reason why EDGES data cut the α < 0 region
of parameter space is that negative values of α would
actually lead to a higher expansion rate during Cosmic
Dawn, inconsistent with the anomalous EDGES detec-
tion which instead prefer a lower expansion rate. In
fact, this is also the reason why the CMB-only value
of H0 = 60 km s−1 Mpc−1 is, perhaps surprisingly, lower
than the ΛCDM determination, which is the opposite of
what happened for the GCG model. A lower value of H0
is required to compensate for the higher expansion rate
in the past occurring when α < 0, and keep the distance
to last scattering (and hence θs) fixed. The error bar on
H0 for the CMB-only dataset is a factor of 12 larger than
the ΛCDM error bar, implying that the measurement is
formally consistent with the local measurement in [186].
However, given the huge error bar involved, we refrain
from claiming that the MCG model can solve the H0
tension, especially since the central value of H0 has actu-
ally shifted downwards with respect to the ΛCDM value.
On the other hand, the addition of EDGES data cuts the
α < 0 region of parameter space as discussed, and thus
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Parameter CMB CMB+EDGES
Ωbh
2 0.0222+0.0002+0.0003−0.0002−0.0003 0.0222
+0.0002+0.0004
−0.0002−0.0004
100θs 1.031
+0.006+0.007
−0.004−0.006 1.028
+0.002+0.003
−0.002−0.003
τ 0.077+0.017+0.032−0.016−0.034 0.079
+0.017+0.032
−0.016−0.033
ns 0.965
+0.006+0.013
−0.007−0.013 0.965
+0.006+0.012
−0.007−0.011
ln(1010As) 3.09
+0.03+0.06
−0.03−0.07 3.09
+0.03+0.06
−0.03−0.07
Bs 0.50
+0.30+0.32
−0.38−0.41 0.72
+0.05+0.09
−0.05−0.09
α −0.28+0.33+0.57−0.38−0.59 0.02+0.03+0.10−0.05−0.09
B 0.000+0.002+0.004−0.002−0.005 −0.000+0.002+0.003−0.002−0.003
H0 60
+9+13
−12−15 66.9
+3.6+6.9
−4.1−6.6
TABLE III. As in Tab. II but for the modified Chaplygin gas model.
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FIG. 2. As in Fig. 2 but for the modified Chaplygin gas model.
slightly raises the value of H0 (while also reducing the
error bar).
In conclusion, we have found that also for the modified
Chaplygin gas model the inclusion of EDGES data has
helped improve limits on Bs and α, reducing their uncer-
tainties by a factor as large as 10, and selecting specific
peaks in the posterior distributions of parameters which
would otherwise be bimodal when using CMB data alone.
In particular, EDGES data help cutting the region of pa-
rameter space where α < 0, allowed by stability consider-
ations but inconsistent with the lower expansion rate at
Cosmic Dawn required to explain the EDGES measure-
ment. Finally, unlike what we found for the generalized
Chaplygin gas model, we find that the modified Chaply-
gin gas model is unable to reduce the H0 tension.
VI. CONCLUSIONS
Despite a wealth of available extraordinarily precise
cosmological datasets, the nature and origin of the dark
sector of the Universe remains a mystery to date. While
usually treated separately, it is possible that dark matter
and dark energy might simply be two manifestations of
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the same underlying entity, an approach advocated by
unified dark sector models. Chaplygin gas models repre-
sent an interesting possibility in this sense, as they pro-
vide an unified fluid interpolating between an effective
dark matter component in the past and an effective dark
energy component at present.
The presently available host of exquisitely precise cos-
mological datasets has recently been augmented by the
detection of the global 21-cm absorption signal at Cos-
mic Dawn by the EDGES experiment. This signal is
generated by Lyα radiation emitted from the first stars,
coupling the spin temperature to the gas temperature
(which at the time is much colder than the temperature
of CMB photons) through the Wouthuysen-Field effect.
While controversial, the EDGES measurement is partic-
ularly suited for tests of non-standard dark sector com-
ponents (e.g. exotic interactions between dark matter
and baryons, or dark matter and dark energy). In this
work, we have explored whether the global 21-cm signal
detected by EDGES can improve our understanding of
Chaplygin gas models of the dark sector.
We have focused on two extensions of the original
Chaplygin gas model [100]: the generalized Chaplygin
gas [104] and the modified Chaplygin gas [105]. We
have first computed constraints on the free parameters
of the model using only Cosmic Microwave Background
data from the Planck satellite, before also including the
EDGES measurement. We have found that including the
latter considerably improves the determination of param-
eters characterizing the two Chaplygin gas models, re-
ducing their uncertainty by a factor between 1.5 and 7.
Our results also suggest that the generalized Chaplygin
gas model is an interesting candidate for addressing the
tension between CMB and local estimates of the Hubble
constant H0 (see Tab. II, “CMB” column).
It might be interesting to extend our analysis by fore-
casting how future CMB missions (such as Simons Obser-
vatory [187] and CMB-S4 [188]) or HI intensity mapping
surveys such as SKA (following for instance [189, 190])
might improve our understanding of Chaplygin gas mod-
els as candidates for the dark sector of the Universe, or to
extend our analysis to other candidate unified dark sector
models or more generally to modified gravity models.
In conclusion, we have demonstrated that the global
21-cm absorption signal detected by EDGES provides
not only an extraordinary window onto Cosmic Dawn,
but also potentially on models attempting to provide an
unified description of the dark sector of the Universe.
The era of 21-cm cosmology has just begun and we can
only wait to see how future experimental and theoretical
efforts in this direction will help shed light on the nature
of dark matter and dark energy.
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